Introduction
High-dose methotrexate (HDMTX) is a chemotherapeutic agent used in the treatment and prevention of central nervous system (CNS) disease for lymphoma, leukemia, and other malignancies like sarcoma. Methotrexate (MTX) is a competitive inhibitor of the enzyme dihydrofolate reductase that interrupts DNA biosynthesis. Because of poor penetration of the bloodbrain barrier, HDMTX is administered to adequately penetrate cerebrospinal fluid (CSF) and parenchyma. HDMTX is typically given at doses 1-12 grams per square meter of body-surface area (g/m 2 ). 1 Following intravenous MTX administration, 90-95% is excreted unchanged by the kidneys. 2 Therefore, acute kidney injury (AKI) after administration of HDMTX, is a medical emergency since prolonged MTX exposure leads to severe cytopenias, mucositis, febrile neutropenia, and liver toxicity. Previous studies have shown the rate of AKI to be 2-12%. 3 MTX is poorly soluble at pH less than 7,
and an acidic environment within the renal tubules may result in increased risk of MTX precipitation and AKI. 2, 4 Urine alkalization and hyperhydration with adjustment based upon serial monitoring of urine pH and output are cornerstones in the prevention of nephrotoxicity following HDMTX. In addition, avoidance of medications that interact with MTX clearance or plasma protein-binding, monitoring of serum creatinine (SCr) and MTX concentrations, and utilizing pharmacokinetic-guided leucovorin rescue per treatment protocols are necessary for safe administration. 3 Implementation of supportive measures and monitoring, the incidence of life-threatening toxicity has decreased from approximately 10% to less than 1%. 5 Hospitalization is warranted prior to and following administration of HDMTX due to the intensity of monitoring required. At the University of Virginia Medical Center, intravenous (IV) sodium bicarbonate has historically been utilized to achieve a goal urine pH of at least 7 and hyperhydration with a goal urine output of at least 125 mL/hr (over a 4-hr period) is required before and after administration of HDMTX.
In May 2017, IV sodium bicarbonate was on national shortage, which led our institution's Pharmacy and Therapeutics Committee to implement restrictions based upon indication. 6 At the time of the shortage, there were limited published data on the use of PO regimens to achieve urine alkalization in patients receiving HDMTX. Rouch et al detailed the safety and feasibility of utilizing PO sodium bicarbonate tablets and sodium citrate/citric acid suspension but did not define a standard dose. 7 Shamash et al utilized an acetazolamide monotherapy regimen; however, there were concerns at our institution that prolonged carbonic anhydrase inhibition may lead to metabolic acidosis, the eventual inability to concentrate bicarbonate ions in the urine, and potentially, AKI. Therefore, an approach combining PO sodium bicarbonate and acetazolamide was conceived to prevent development of metabolic acidosis and to ensure consistent achievement of goal urine alkalization. 8 This study aims to determine the safety and tolerability of this PO regimen for urine alkalization in patients receiving HDMTX. Data including patient demographics, treatment regimens, lab values, and safety parameters were collected through review of the electronic medical record. Co-primary outcomes assessing safety included incidence of AKI, incidence of decreased MTX clearance, and change in the liver function tests aspartate aminotransferase (AST), alanine aminotransferase (ALT), and total bilirubin; these were assessed from the time of HDMTX infusion until hospital discharge. AKI was defined according to criteria defined by the Kidney Disease Improving Global Outcomes (KIDGO) practice guidelines. 11 Creatinine clearance was also calculated by the Cockcroft-Gault formula utilizing actual body weight. 12 A case of delayed MTX clearance was defined by failure to meet any protocol-specific goal for MTX plasma concentrations (Table S1 ). The secondary outcomes included length of hospital stay and time from hospital admission to initiation of MTX infusion, to meeting urine pH goal of 7, and to meeting urine output goal of greater than or equal to 125 mL/hr. All laboratory procedures were performed with commercial instruments in the core inpatient laboratory or FDA approved point-of-care medical devices on the oncology unit. Total quantity of IV and PO sodium bicarbonate and PO acetazolamide were also collected. Finally, a cost analysis was completed to determine if there were any financial consequences to using the PO alkalization regimen. For each medication, the lower end of the Average Wholesale Price range as published by MediSpan was used to estimate costs associated with each regimen (Table S3) . 13 The statistical analysis made unadjusted comparisons of PO and IV alkalization using Student's t-test for continuous variables and chi-square analysis for categorical variables. Statistical significance was defined at a two-sided alpha at 0.05. Descriptive statistics were done for continuous variables. All analyses used SPSS Statistics, version 22.0.0.0.
Methods

Results
Overall, 56 patients and 162 encounters were analyzed for inclusion. On average, patients had around three encounters for the treatment regimen. Twelve encounters were excluded due to receipt of HDMTX greater than 5 g/m 2 , and 24 encounters were excluded for receiving a planned, initial urine alkalization regimen that combined both PO sodium bicarbonate tablets and IV sodium bicarbonate as continuous infusion. Twenty patients were identified to meet inclusion criteria in the IV alkalization group and 28 patients met inclusion criteria in the oral alkalization group. One hundred twenty-six patient encounters were included in the study: 83 patient encounters in the PO alkalization and 43 patient encounters in the IV sodium bicarbonate cohorts. The PO alkalization encounters were older although not statistically significant than the IV cohort with a median age of 55 years (range 21-77) and 52 years (range 21-74), respectively (P=0.90). Patient cases from encounters utilizing the PO alkalization regimen had similar median weight compared to the IV alkalization group. Baseline characteristics of the two cohorts are described in Tables 2 and 3. In the safety analysis, there was a non-statistically significant trend toward higher AKI incidence with the PO regimen (14.5% vs 9.3%, P=0.41). However, there was no difference in the incidence of delayed methotrexate (26.5% for PO vs 37.2% for IV, P=0.21) or absolute change in AST, ALT, or total bilirubin (Table 4) .
In order to consistently calculate time to HDMTX (as the first chemotherapy received), time to urine output >125 mL/hr, time to urine pH >7, and hospital length of stay, a subset of patient encounters (n=66) were analyzed. These encounters were scheduled admissions with the plan to initiate HDMTX-as a single agent or as the first in a multi-agent chemotherapy regimen-immediately upon achievement of urine output and pH parameters. Unplanned HDMTX encounters for new or progressive disease or those with plans to start HDMTX later in the admission following other chemotherapy were excluded from these time-sensitive assessments. Results of these analyses are summarized in Table 5 . Time to MTX was not statistically significant between alkalization regimens Sodium bicarbonate 2,600 mg (four 650-mg tablets) PO 6 times daily scheduled at 0000-0600-0900-1300-1700-2100
Acetazolamide 250 mg PO Q6H scheduled at 0000-0600-1200-1800 0.45% sodium chloride IV continuous infusion at 175 mL/hr
Abbreviations: IV, intravenous; PO, oral.
(7.9 hrs for PO vs 8.0 hrs for IV, P=0.6). Time to urinary output goal of 125 mL/hr was markedly reduced, but without statistical significance, with PO alkalization (5.9 hrs vs 9.2 hrs, P=0.1). Length of stay was also not statistically different; however, it was longer in encounters utilizing PO alkalization (3.8 days vs 3.1 days, P=0.3).
The IV regimen for urine alkalization was associated with an average of 25.8 vials of 50-mEq IV sodium Tables S2 and S3 .
Discussion
National drug shortages are a common occurrence with a multitude of causes, which include manufacturing difficulties related to sterile injectables, shortage of raw ingredients, delays due to the production of multiple different therapeutic agents on the same supply line, inability of competing manufacturers to quickly increase output in response to production delay or discontinuation by another manufacturer, and lack of excess inventory throughout a complex distribution network. 14 Given the several recent occurrences of IV sodium bicarbonate shortages, strategies to allow for the safe administration of HDMTX is imperative for the treatment of patients with hematologic malignancies. There have been limited attempts at modifying IV sodium bicarbonate regimens with PO substitutes or other alternatives outlined in Table 6 . This study demonstrates that a PO alkalization regimen with PO sodium bicarbonate and PO acetazolamide is feasible and reduces the cost of treatment medications, albeit with increased pill burden. PO alkalization regimens in literature were limited at the time of the national shortage. Roy et al recently published another institution's protocol for PO alkalization in the time of the national shortage. 15 Their HDMTX "shortage"
protocol included PO sodium bicarbonate at 3250 mg every 2 hrs in addition to PO or IV acetazolamide 250-500 mg every 6 hrs as needed. There were no statistically significant differences in MTX clearance, hospital length of stay, AKI, or hepatotoxicity. However, there was increased time of urine pH <7 and significant increase in length of stay. Shamash et al used monotherapy acetazolamide to keep patients' urine alkalized and found no increase in AKI or difficulties with MTX clearance. 8 The study demonstrated that if acetazolamide is used as single Table 6 Overview of previously published alternative regimens to intravenous sodium bicarbonate for urine alkalization agent greater than 48 hrs, adverse effects occur. When used alone, prolonged carbonic anhydrase inhibition with acetazolamide results in depletion of the bicarbonate-carbon dioxide buffer in blood and could eventually lead to loss of urine alkalization followed by worsening MTX crystallization in the kidney tubules. Roy et al investigated an PO alkalization regimen similar to ours with sodium bicarbonate and PO acetazolamide; however, they used higher doses and more frequent PO sodium bicarbonate and reserved acetazolamide for use as needed when urine pH was <7.5. 15 We demonstrated in our study no significant difference in MTX clearance rate, which is similar to previous studies using PO sodium bicarbonate. 7 There are several limitations to this study. HDMTX at doses exceeding 5 g/m 2 were excluded because there were too few treatment courses at this dose that utilized the PO regimen for urine alkalization.
The analysis was done in a prospective design; however, it was not a randomized controlled trial and was not analyzed with case match controls. We did not establish and incidence of mucositis or other potential toxicities due to inconsistent reporting in the EMR. However, there were no re-admissions for mucositis toxicity from HDMTX administration. In addition, cytopenias were difficult to assess in the setting of patients getting multi-agent chemotherapy for most regimens with ALL and CNS lymphoma. Cytopenias that occur were likely due to the combination effect of chemotherapy, rather than HDMTX. There was no documented evidence of MTXinduced rash or pneumonitis. No patients received glucarpidase or dialysis for the treatment of delayed methotrexate clearance and AKI. Our studied intervention of PO sodium bicarbonate and acetazolamide was a well-tolerated. Compared to previously published PO treatment regimens, this study had a smaller sodium bicarbonate pill burden. The protocol was designed to accommodate patient sleep schedule and reduce wake times for pill administration. Finally, this is the first study of a PO regimen for urine alkalization to include a cost analysis, which demonstrated the PO regimen to be associated with potential significant savings if implemented in a large patient population.
Conclusion
Despite IV bicarbonate shortages, HDMTX can be administered safely with the implementation of several PO alkalization regimens for urinary alkalization. Our analysis is the largest prospective look at a PO alkalization method. While it has been attempted to decrease time to MTX administration, time to urine parameters, and ultimately length of stay, PO regimens do not appear to impact these objectives unless the oral alkalization regimen has been started prior to admission. 16 Further prospective trials should be undertaken to establish the safety and efficacy of alternative PO alkalization regimens.
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